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57 ABSTRACT 

A method of calibrating a hyperspectral imaging Spectrom 
eter. A PTFE panel (26) having substantially 100% reflec 
tance acroSS a spectrum of interest is mechanically inserted 
into the spectrometer's field-of-view. The panel (26) is 
illuminated by a lamp (22, 24), Such as a quartz Tungsten 
Halogen lamp, So that reflected radiation from the panel (26) 
floods the spectrometer's FOV. The image generated by the 
Spectrometer is electronically Stored. Next, the reflectance 
panel (26) is removed and replaced with a PTFE panel (40) 
that is doped with a rare earth element, Such as holmium 
oxide, dySprosium oxide, erbium oxide or other dopants. 
The dopant Serves the purpose of producing many distinct 
absorption features in the reflected Spectra whose wave 
lengths spacings and absorption line widths are precisely 
known. The image obtained form the doped PTFE panel (40) 
is then electronically Stored. The image obtained from the 
doped PTFE panel (40) is divided by the image obtained 
from the reflectance PTFE panel (26) on a pixel-by-pixel 
basis to obtain a measurement of the absorption Spectra of 
the dopant. The measured spectra is compared to the known 
Spectra as a function of Spatial position across the focal plane 
of the Spectrometer to obtain the Spectral calibration. A 
center wavelength is then assigned to each pixel in the FPA 
based on the calibration. 

18 Claims, 2 Drawing Sheets 
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in FOV of Spectrometer 

Illuminate Reflectance Panel 

Store Image of Reflectance Panel 

POSition Reflectance Panel Out of 
FOV of Spectrometer 

Position Doped Panel in FOW 
of Spectrometer 

Illuminate Doped Panel 

Store Image of Doped Panel 

Divide image of Doped Panel 
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HYPERSPECTRAL IMAGING 
SPECTROMETER SPECTRAL 

CALIBRATION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates generally to an imaging Spectrom 

eter and, more particularly, to a technique for quickly and 
accurately calibrating a hyperspectral imaging spectrometer 
in the field using a PTFE panel having a known reflectance 
Spectra. 

2. Discussion of the Related Art 

Spectral reflectance from a Scene contains information 
that provides for the discrimination of objects or areas in the 
Scene, and can allow detection of certain features that are not 
possible with other methods of remote Sensing. To provide 
Spectral reflectance imaging, hyperspectral imaging Spec 
trometers are known that record the reflected electromag 
netic spectrum from the objects in the Scene as a function of 
the Spatial position of the objects over Several hundred 
discreet and contiguous wavelengths. The Spectral dispersed 
images formed by the Spectrometer are recorded electroni 
cally using a focal plane array (FPA). These spectrometers 
typically operate in the 0.4-2.5 micron wavelength range of 
the electromagnetic Spectrum because they rely on reflected 
Solar illumination. The imaging spectrometers are typically 
flown aboard aircraft to image terrestrial Scenes. This tech 
nology is currently being proposed for deployment on 
Satellites. 
One known imaging spectrometer of this type is the TRW 

imaging spectrometer III (TRWIS III) airborne hyperspec 
tral imager. The TRW ISIII imager includes a two 
dimensional FPA having a plurality of pixels arranged in a 
two-dimensional array. Each pixel is a separate detector, and 
can be, for example, a charge-coupled device. The pixels 
arranged in one direction, referred to as the croSS-track 
direction, provide Spatial imaging, and the pixels arranged in 
the opposite direction, referred to as the Spectral direction, 
provide spectral imaging. Each pixel in the Spectral direction 
provides detection over a separate, contiguous wavelength 
band So that the entire frequency band of interest is covered 
by the combination of all of the pixels in that direction. An 
aperture Slit covers a row of pixels in the croSS-track 
direction, and as the airborne platform moves, the slit 
images the Scene in a push-broom type manner. A grating is 
used to Separate the light into its various wavelengths to fall 
on the pixels. In one design, 256 pixels are provided in the 
croSS-track direction and 384 pixels are provided in the 
Spectral direction. Employing Several hundred pixels in the 
Spectral direction, where each pixel images a different range 
of wavelengths, provides significant information from the 
SCCC. 

To provide for increased device performance, two types of 
calibrations are performed on the Spectrometer at different 
times during operation. The first type of calibration deter 
mines the responsivity of the pixel detectors. The respon 
Sivity calibration typically includes an in-flight calibration 
by recording frames of data with no light, and then recording 
the spectrometer's response to a reflectance Standard. This 
procedure is generally performed once before and after each 
image is generated. 

The Second type of calibration includes providing spectral 
calibration of the range of wavelengths that falls on each 
pixel. The discrimination capability between objects in the 
Scene provided by the image from the hyperspectral imaging 
Spectrometers relies heavily on accurate spectral calibration 
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2 
as a function of field angle in the spectrometer's field-of 
view (FOV). Part of the spectral calibration includes remov 
ing the effects of atmospheric absorption acroSS the fre 
quency spectrum. Particularly, the absorption of a water 
band can be rapidly varying in frequency. In order to remove 
the effects of the water band from the resulting data, it is 
necessary to know which pixels the absorption spectrum 
falls on so that absorption is not attributed to objects in the 
SCCC. 

Spectral calibration is currently performed in the labora 
tory prior to data collection using spectral lamps or other 
illumination Sources operating at discrete wavelengths. 
Also, Spectral calibration is known to be performed in the 
field using a monochrometer that Separates the light into a 
Series of Separate wavelength bands. The Spectrometer then 
images the light from the monochrometer, and the center 
wavelength detected by each pixel in the FPA is measured. 
Ideally, this calibration would be performed just before each 
data collection in the field to account for any changes in the 
Spectrometer's calibration over time. However, routine Spec 
tral calibrations in the field are difficult and time consuming, 
and the calibration apparatus can be bulky and awkward. 
Additionally, improvements in calibration accuracy can be 
made. 

What is needed is an apparatus and method for the quick, 
accurate and repeatable spectral calibration of a hyperspec 
tral imaging spectrometer. It is therefore an object of the 
present invention to provide Such an apparatus and method. 

SUMMARY OF THE INVENTION 

In accordance with the teaching of the present invention, 
a method of calibrating a hyperspectral imaging spectrom 
eter is disclosed. A substantially pure PTFE panel having a 
near 100% reflectance across the spectrum of interest is 
mechanically inserted into the spectrometer's FOV. The 
panel is illuminated by a lamp, Such as a quartz Tungsten 
Halogen lamp, So that reflected radiation from the panel 
floods the spectrometer's FOV. The image generated by the 
spectrometer is electronically stored. Next, the PTFE panel 
is removed and replaced with another PTFE panel that is 
doped with a rare earth element, Such as holmium oxide, 
dySprosium oxide, erbium oxide. The dopant Serves the 
purpose of producing many distinct absorption features in 
the reflected Spectra whose wavelength spacings and absorp 
tion line widths are precisely known. The image obtained 
from the doped PTFE panel is recorded electronically. The 
image obtained from the doped PTFE panel is then divided 
by the image obtained from the pure PTFE panel on a 
pixel-by-pixel basis to obtain a measurement of the absorp 
tion spectra of the dopant. The measured spectra is fit to the 
known Spectra as a function of Spatial position across the 
focal plane of the Spectrometer to obtain the spectral cali 
bration. A center wavelength is then assigned to each spec 
tral pixel based on the calibration. 

Additional objects, features and advantages of the present 
invention will become apparent from the following descrip 
tion and appended claims taken in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an exploded perspective view of a hyperspectral 
imaging Spectrometer calibration apparatus, including a 
reflectance PTFE panel and a doped PTFE panel, according 
to an embodiment of the present invention; and 

FIG. 2 is a flow diagram of a spectrometer calibration 
process, according to the invention. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The following discussion of the preferred embodiments 
directed to a method of calibrating a hyperspectral imaging 
Spectrometer is merely exemplary in nature, and is in no way 
intended to limit the invention or its applications or uses. 

FIG. 1 is an exploded, perspective view of a front end 
assembly for a hyperspectral imaging spectrometer Such as 
the TRWIS III according to an embodiment of the present 
invention. The assembly 10 would be attached to the front 
end of the imaging spectrometer. The actual image proceSS 
ing equipment, including the diffraction grating and the FPA, 
would be in the spectrometer itself. The assembly 10 
includes a housing 12 in which is mounted the various 
calibration components of the Spectrometer that will be 
discussed below. The front end assembly 10 includes an 
entrance aperture 14 through which light enters the Spec 
trometer to be focused on the FPA. The entrance slit (not 
shown) is positioned in the spectrometer behind the aperture 
14. The aperture 14 includes an iris 18 for controlling the 
amount of light entering the Spectrometer. 
A first lamp 22 and a Second lamp 24 are mounted within 

the housing 12 at a Suitable location to provide illumination 
in front of the entrance aperture 14. The two lamps 22 and 
24 are provided for redundancy purposes. In one 
embodiment, the lamps 22 and 24 are Six watt quartz 
Tungsten Halogen lamps, but can be any lamp Suitable for 
the purposes described herein. 
A diffuse, reflectance panel 26 having substantially 100% 

reflectance, is positioned within the housing 12, and includes 
a mounting arm 28 having a hole 30. In one embodiment, the 
panel 26 is a PTFE (polytetroflouroethylene) panel. 
However, other suitable materials may be used for the panel 
26, as long a the panel 26 is a diffuse panel having Substan 
tially 100% reflectance across the frequency band of interest 
with no significant absorption. The panel 26 is mounted 
within the housing 12 by a mounting rod 32 that extends 
through the hole 30. The panel 26 is selectively and 
mechanically rotated on the arm 28 so that it can be 
positioned in front of the entrance aperture 14 to reflect light 
from the lamps 22 and 24 onto the FPA. The panel 26 can 
also be rotated into an extended portion 34 of the housing 12 
so that it is not in front of the aperture 14 and out of the FOV 
of the FPA. Rotation of the panel 26 on the rod 32 is 
performed external to the housing 12 by a Suitable mechani 
cal device (not shown). When the panel 26 is rotated to be 
in front of the entrance aperture 14, and is illuminated by one 
or both of the lamps 22 and 24, light reflected therefrom 
enters the entrance aperture 14 and is diffracted by the 
diffraction grating and focussed on the FPA. 
A front cover 36 is mounted to a front end of the housing 

12 and includes an opening 38 positioned directly in front of 
the entrance aperture 14. A doped panel 40 is mounted to the 
cover 36 outside of the housing 12, and is selectively 
positionable in front of the opening 38. The panel 40 is also 
a PTFE panel in a preferred embodiment, having a known 
dopant. However, the panel 40 can also be made of a 
different material in other embodiments consistent with the 
discussion herein. When the panel 26 is moved into the 
extended portion 34, and the panel 40 is positioned in front 
of the opening 38, light generated by one or both of the 
illumination lamps 22 and 24 is reflected off of the panel 40 
and enters the entrance aperture 14. In an alternate 
embodiment, the panel 40 can also be positioned within the 
housing 12 on the rod 32, and be selectively positionable as 
discussed above for calibration of the Spectrometer. 
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The PTFE panel 40 is doped with a known dopant, and is 

preferably a rare earth element, dopant Such as holmium 
oxide, dySprosium oxide, or erbium oxide. By doping the 
panel 40 with a known dopant, the Spectral content of the 
light reflected off of the panel 40 generates an image having 
distinct absorption features that includes wavelength Spac 
ings and absorption line widths that are precisely known. 
Thus, the doped panel 40 gives a reflected Spectrum having 
a very accurate and known spectral reflection. Doped panels 
of this type are available from LabSphere for calibrating 
Spectral instruments, and are referred to as Spectralon panels. 
Two types of in-flight calibration are typically required 

for operation of the Spectrometer as discussed above. The 
first, or responsivity, calibration is used to determine the 
responsivity of the FPA as a function of received power. The 
responsivity calibration includes closing the entrance aper 
ture 14 and recording frames of data with the lamps 22 and 
24 turned off so that no light falls on the FPA. The entrance 
aperture 14 is opened and the lamps 22 and 24 are then 
turned on with the reflectance panel 26 in the FOV of the 
Spectrometer, and the image is recorded. The in-flight cali 
bration technique provides calibration throughout the entire 
optical System as well as the FPA response. 

In the Second type of in-flight calibration, Spectral 
calibration, it is necessary to Specifically determine the range 
of wavelengths falling on each of the individual pixels in the 
FPA as Set by the grating. This is accomplished using the 
combination of the reflectance panel 26 and the doped panel 
40, where the spectral reflection of the doped panel 40 is 
known. FIG. 2 is a flow diagram 42 showing the spectral 
calibration of the Spectrometer, according to the invention. 
To perform the Spectral calibration, the panel 26 is posi 
tioned in front of the entrance aperture 14 at box 44, and is 
illuminated by one of the lamps 22 or 24 at box 46. The 
image generated by the FPA from the reflectance off of the 
panel 26 is electrically Stored as Voltage representations 
from each pixel, at box 48. The panel 26 is then rotated on 
the rod 32 into the extended portion 34, so that it is not 
positioned in front of the entrance aperture 14 at box 50. 
The doped panel 40 is then mechanically positioned in 

front of the opening 38 and the entrance aperture 14 at box 
52, and is also illuminated by one of the lamps 22 or 24 at 
box 54. The reflected image from the panel 40 is also stored 
as a function of voltage from each of the pixels at box 56. 
The image obtained from the doped panel 40 is divided by 
the image obtained from the reflectance panel 26 on a 
pixel-by-pixel basis to get a measurement of the absorption 
spectra of the dopant in the panel 40 at box 58. This 
measured spectra is compared to the known Spectra from the 
panel 40 to generate a function of the Spatial position acroSS 
the FPA of the wavelength range for each pixel at box 60. A 
center wavelength is then assigned to each pixel for a 
particular frequency range based on the calibration at box 
62. 

The panels 26 and 40 may be separated from the spec 
trometer and be selectively positioned in front of the 
entrance aperture 14 for laboratory calibrations. This elimi 
nates the panels 26 and 40 within the assembly 10 and saves 
Space. 

The Spectral calibration, as discussed above, includes 
taking a ratio of the image obtained from the doped panel 40 
and the image obtained from the reflectance panel 26, and 
then comparing the ratio to the known spectra of the panel 
40. In one embodiment, this comparison includes perform 
ing a least Squares fit to theoretical expectations by varying 
the dispersion relation coefficients as well as the width of the 
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pixel Spectral transfer function. The equations below pro 
vide a derivation for the least squares fit. For these 
equations, R(0) is the spectral reflectance of the doped panel 
40, r() is the spectral reflectance of the panel 26, and L()) 
is the lamp Spectral radiance curve. 

(1) T( - ) = sensor response centered at 

es-(i. 
or Vit 

Wis the center wavelength of the jth pixel 

(2) 

The ratio of the Spectra is calculated at the jth pixel to be: 

LA). R(A): T(A - Ai)d a (3) 

Equation (3) is fairly complicated and difficult to evaluate 
unless the lamp radiation curve is known. It is desirable to 
Simplify equation (3) using the following assumptions. The 
first assumption is that the lamp radiation curve is Smooth 
and slowly varying within a pixel So that L(X) can be 
replaced with its weighted average: 

? L(A): TA - Aid A. (4) 

The Second assumption is that the respective reflectance 
curve for the reflectance panel 26 is slowly varying So that 
it can be replaced with its value at the pixel center. For this 
assumption, equation (3) can be simplified to: 

LA). R(A): TA - Ai)d a (5) 
M(j) = 

r(A.): L(A): TA - Aid a 

Using the first assumption, the dependence on L(0) can be 
eliminated, and the expected ratio of the Spectra can be 
reduced to: 

R(A) 

The reflectance curves for the doped and undoped panels 
are measured in a light Scattering laboratory, independent of 
the Spectrometer under calibration. The only unknown in 
equation (6) is the Sensor response function with parameters 
2a,b and O. By performing a least Squares fit of the Sensor 
measured ratio to equation (6), the optimal estimate of these 
parameters is achieved. The discrepancy between the mea 
Sured ratio and the prediction equation (6) is the quantity that 
is to be minimized by varying the parameters a,b and O. 
If S(i) is the ratio measured by the jth pixel of the 
Spectrometer, then the Sum of the Squares of the error E at 
all of the spectral pixels is: 

(6) 

15 

25 

35 

40 

45 

50 

55 

60 

65 

6 

This error function can be minimized numerically or by 
deriving a set of four non-linear equations and Solving these 
equations Simultaneously for the parameters. 
The foregoing discussion discloses and describes merely 

exemplary embodiments of the present invention. One 
skilled in the art will readily recognize from Such discussion, 
and from the accompanying drawings and claims, that 
various changes, modifications and variations can be made 
therein without departing from the Spirit and Scope of the 
invention as defined in the following claims. 
What is claimed is: 
1. A method of calibrating an imaging Spectrometer, Said 

method comprising the Steps of 
placing a first reflective panel in the field-of-view of the 

Spectrometer; 
illuminating the first reflective panel with radiation So that 

reflected radiation from the first panel illuminates the 
field-of-view of the spectrometer; 

generating a first image of the reflected radiation from the 
first panel; 

replacing the first reflective panel with a Second reflective 
panel in the field-of-view of the Spectrometer, Said 
Second panel including impurities defining a known 
Spectra, 

illuminating the Second reflective panel with radiation So 
that reflected radiation from the Second panel illumi 
nates the field-of-view of the spectrometer; 

generating a Second image of the reflected radiation from 
the Second panel; 

comparing the Second image with the first image to obtain 
a measured absorption spectra of the impurities, and 

matching the measured spectra to the known spectra as a 
function of Spatial position acroSS a focal plane of the 
Spectrometer. 

2. The method according to claim 1 wherein illuminating 
the first and second panels include illuminating PTFE 
panels, where the Second panel is a doped PTFE panel. 

3. The method according to claim 2 wherein of illumi 
nating the Second panel includes illuminating a PTFE panel 
doped with a dopant Selected from the group consisting of 
the rare earth elements. 

4. The method according to claim 1 including doping the 
Second panel with a dopant Selected from the group con 
Sisting of holmium oxide, dyprosium oxide and erbium 
oxide. 

5. The method according to claim 1 including illuminating 
with a quartz tungsten halogen lamp. 

6. The method according to claim 1 including dividing the 
Second image with the first image. 

7. The method according to claim 6 including dividing the 
images on a pixel-by-pixel basis. 

8. The method according to claim 7 further comprising 
assigning a center wavelength to each pixel. 

9. The method according to claim 1 further comprising 
Storing the images electronically. 

10. A method of calibrating an imaging Spectrometer, Said 
Spectrometer including a focal plane array defined by a 
plurality of pixels, Said method comprising the Steps of: 
mounting a first reflective PTFE panel to the 

Spectrometer, Said Step of mounting the first panel 
including mounting the panel So that it is Selectively 
positionable in and out of the field-of-view of the 
Spectrometer; 
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illuminating the first reflective panel with radiation So that 
reflected radiation from the first panel illuminates the 
field-of-view of the spectrometer; 

generating a first image of the reflected radiation from the 
first panel; 

mounting a second reflective PTFE panel to the 
Spectrometer, Said Step of mounting the Second PTFE 
panel including mounting the Second panel So that it is 
selectively positionable in and out of the field-of-view 
of the spectrometer, said second PTFE panel being 
doped with one or more rare earth elements and defin 
ing a known Spectra; 

illuminating the second PTFE panel with radiation so that 
reflected radiation from the Second panel illuminates 
the field-of-view of the spectrometer; 

generating a Second image of the reflected radiation from 
the Second panel; 

dividing the Second image by the first image to obtain a 
measure d absorption spectra of the dopant elements in 
the Second panel; 

comparing the measured spectra to the known spectra as 
a function of Spatial position across the focal plane of 
the Spectrometer; and 

assigning a center wavelength to each pixel in the focal 
plane array. 

11. The method according to claim 10 including doing the 
Second panel with a dopant Selected from the group con 
Sisting of holmium oxide, dySprosium oxide, and erbium 
oxide. 

12. The method according to claim 10 including illumi 
nating with a quartz Tungsten Halogen lamp. 

13. An imaging spectrometer calibration apparatus com 
prising: 

1O 
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a housing: 
an aperture defined in the housing; 
an illumination lamp attached to the housing; 
a first panel attached to the housing, Said first panel being 

Selectively positionable relative to the aperture So that 
light reflected from the first panel enters the aperture 
when the first panel is in a predetermined position; and 

a Second panel attached to the housing and being Selec 
tively positionable relative to the aperture So that light 
reflected from the Second panel enters the aperture 
when the Second panel is in a predetermined position, 
Said Second panel including a known dopant, Said first 
and second panels being PTFE panels. 

14. The Spectrometer calibration apparatus according to 
claim 13 wherein the Second panel is doped with a rare earth 
element. 

15. The Spectrometer calibration apparatus according to 
claim 14 wherein the rare earth element is selected from the 
group consisting of holmium oxide, dyprosium oxide and 
erbium oxide. 

16. The Spectrometer calibration apparatus according to 
claim 13 wherein the first panel has substantially 100% 
reflectance. 

17. The Spectrometer calibration apparatus according to 
claim 13 further comprising means for Selectively position 
ing the first and Second panels in the field-of-view of the 
Spectrometer. 

18. The Spectrometer calibration apparatus according to 
claim 13 wherein the lamp is a quartz tungsten halogen 
lamp. 


